The cytotoxin from Serpulina hyodysenterrae was injected into ileal loops of eight germ-free pigs, and the effects on the villi were observed after 1. 3 , and 18 hours of exposure. The mature vacuolated villus enterocytes of the proximal part of the absorptive villi were most susceptible to the lethal effects of the cytotoxin and were extensively exfoliated. The enterocytes at the base of the villi, the goblet cells, and the follicle-associated epithelium of the dome villi, particularly the M cells, were less affected. As the enterocytes were shed, the villi progressively shortened and the basement membrane became extensively folded. The absorptive villi were markedly stunted at 3 hours, and flattened goblet cells predominated at the site of restitution of the lesion. The myofibroblasts were also damaged, apparently subsequent to the exfoliation of the enterocytes. There was no further damage at 18 hours. The absorptive villi were stunted and were devoid of the large interstitial spaces of the normal lamina propria; the enterocytes were generally columnar, and at the apex of each villus there was an accumulation of goblet cells. There was a preponderance of M cells at the apices of the dome villi. Restitution of the lesions was not as rapid as observed in in vitro systems. The changes observed indicated that as the proximal enterocytes of the absorptive villi were shed. the loss of hydrostatic forces in the lamina propria allowed the myofibroblasts to collapse the villi by progressively retracting the basement membrane. This reduced the surface area to be covered during restitution. Resolution of the lesions was still incomplete after 18 hours.
Serpulina hyodysenteriae, the causative agent of swine dysentery, produces a cytotoxic hemolysin that is a virulence determinant for the disease.') The toxin affects a wide range of cells in vitro, with considerable variation in dose response; of those tested, red cells were the most susceptible, and neutrophils were the least. 9 In vivo, goblet cells appeared more resistant than were ileal enter0~ytes.I~ The objectives of the present study were to seek evidence of differential cell susceptibility of the villus epithelium exposed to this toxin in vivo and to determine the dynamics of the early tissue response to the injury.
Over the past decade, much as been learned of the response of the gastrointestinal tract to epithelial injury. The most studied aspect is the gastric mucosa in vitro, where resolution of superficial epithelial damage occurs very rapidly because of the amoeboid migration of surviving epithelial cells across the damaged surface. This process was termed restitution26 to distinguish it from resolution involving cell proliferation, a much slower process in which cells migrate from the crypts to the extrusion zone. 26 The essential prerequisite for restitution appears to be that the basement membrane be intact.)'
Repair of the damaged mucosa of the small and large intestine has been less studied. Restitution of mucosal lesions induced by deoxycholate in the colon of the human and rabbit,4 pig,' and rat2 was apparently complete after 2-4 hours, provided the basement membrane was intact. The response of the mucosa of the small intestine to injury is more complex. In the rat3'l6 and rapid restitution occurred, but not after the extensive damage induced by HC1 in the rabbit5; some reduction in villus height was noted in these studies. A better understanding of the mechanism of repair in the small intestine has come from several studies. 8, 20, 21 One research group demonstrated the long-suspected contractile capacity of the matrix of subepithelial myofibroblasts and outlined their likely physiological function. 8 Another group, using in vitro chambers ofguinea pig ileum exposed to TX100, described rapid restitution that was dependent on villus contraction, which they presumed was mediated by the myofibroblasts.20. 21 The injurious agents used in these studies were simple chemicals, NaC1, HC1, ethanol, or deoxycholate, all of which destroyed epithelial cells rapidly and indiscriminately. A difference in cell susceptibility is not 1  3  18  1  3  18  3  18  3  18   1  2  2  1  1  2  1  2  2  2  1  1  3  2  1  4  1  2  1  1  5  1  2  1  1  2  1  6  4  2  4  2  7  2  2  1  1  2  1  8  2  2  1  1  2 mentioned in any study, and none have used a microbial necrotizing toxin.
Materials and Methods
Bacteria S. hyodysenteriae strain PI 8A was isolated from a pig with swine dysentery induced by a culture of strain A 1, an isolate used e l~e w h e r e .~~
C ytotoxin
Cytotoxin from S. hyodysenteriae was prepared as previously described.*O The carrier system used to enhance production in vitro was 0.05% RNA-core Type IIC from Torula yeast (Sigma Chemical Co., Poole, England) The cytotoxin was titrated for hemolytic activity against sheep erythrocytes; one hemolytic unit (HU) was defined as the amount of cytotoxin required to lyse 50% of the erythrocytes in a 1% suspension in phosphate-buffered saline.'* The hemolysin preparations were concentrated (no more than 20-fold) and desalted at 3 C with a YM5 Diaflow ultrafilter (Amicon, Pully, Switzerland), dispensed in ampules of 100,000 HU/ ml, and stored at -20 C. The hemolytic titer was confirmed at the time of use. Animals Germ-free pigs were used so that the interactions with potential pathogens or other organisms could be excluded. Eight germ-free Large White/Landrace piglets were delivered by hysterotomy28 and reared in an isolator from birth. Pig Nos. 1-8 were 35-37 days old at the time of the experiment. Rectal swabs were cultured on blood agar plates anaerobically and aerobically at weekly intervals and at the time of the experiment to confirm the germ-free status of the pigs. The animals were fed a diet of evaporated milk supplemented with iron and copper until 4 days before surgery. In an attempt to minimize the contents of the intestine, starting 4 days before the surgery pigs were fed a low-residue diet (Vivonex, Nonvich Eaton, Newcastle-upon-Tyne, England) designed for human use and containing all nutrients essential for humans. Because of its cost and relative unpalatability for pigs, the Vivonex was mixed with a dextrose/electrolyte preparation (Lectade, Beecham Animal Health, Brentford, Middlesex, England). Food was withheld on the day of the experiment.
Surgical procedure
Anaesthesia was induced and maintained with halothane (Fluothane ICI). The intestine was exposed, and loops up to 5 cm long were ligated in the ileum in segments free of luminal contents, beginning approximately 30 cm anterior to the ileocecal valve. Cytotoxin was injected to fill but not distend the loops (0.7-1 .O ml). Duplicate loops were prepared when sufficient toxin was available. For each toxin infusion, control loops were infused with an equivalent volume of0.5% carrier RNA/ml. Pig Nos. 1-5 were maintained under anaesthesia until the end of the experiment, when the ligated sections of gut were fixed in situ by injecting glutaraldehyde (3% [v/v] in 0.1 M phosphate buffer, pH 7.3) into the lumen. Pig Nos. 6-8 were allowed to recover. Pig Nos. 7 and 8 were again anaesthetized after 15 hours, further loops were injected with toxin or control material, and the pigs were maintained under anaesthetic a further 3 hours. At the end of each experiment, all pigs were euthanatized with an intravenous injection of pentobarbitone, and the gut loops were excised and placed in fresh glutaraldehyde fixative, and their ligated ends were removed.
Microscopy
Excised loops were immersed in fixative for 2 hours. Pieces of tissue were taken from the continuous Peyer's patch in five pigs and from the non-Peyer's patch area adjacent to the mesentery in all pigs ( Table 1 ). Small pieces of tissue were placed in fresh fixative before processing for transmission electron microscopy (TEM). The tissues were washed in 0.1 M phosphate buffer (pH 7.3), postfixed in 1% Millonig's osmium tetroxide, washed in copious amounts of distilled water, and further fixed en bloc with 1% aqueous uranyl acetate. Tissues were then dehydrated through graded alcohols before being treated with epoxy propane and embedded in araldite (Taab, Reading, England). From every loop, six araldite blocks were prepared. Sections (1 l m thick) were cut from each block and stained with 0.1% toluidine blue for examination by light microscopy (LM). Areas were selected for examination by TEM. Ultrathin sections were cut, stained with lead hydroxide, and examined in a transmission electron microscope (Philips EM300) at an accelerating voltage of 80 kV. In addition, thin slices of tissue approximately 5 mm in length were processed from glutaraldehyde to araldite resin without postfixation. Sections were stained with toluidine blue and examined by LM. Pieces of fixed ileum for scanning electron microscopy (SEM) were washed in 0.1 M phosphate buffer (pH 7.3), postfixed in 1 Yo Millonig's osmium tetroxide, treated with thiocarbohydrazide and 1 Yo aqueous osmium tetroxide,I5 dehydrated with acetone, critical point dried with liquid CO,, and coated with a thin layer of platinum. The tissue was examined in a scanning electron microscope (Hitachi S-520) at an accelerating voltage of 20 kV.
Experimental design
mine the role of the cytotoxin in the pathogenesis of swine dysentery. Loops selected for microscopy had been exposed to 50,000 or 100,000 HU/ml of cytotoxin for 1, 3, or 18 hours. Material from pig Nos. 1-5 was selected from the previous e~periment.'~ A further three pigs, Nos. 6-8 had loops infused with toxin for 18 hours to observe the resolution of the lesions. Control loops at each time were included. Details of the 64 loops examined from the eight pigs are outlined in Table 1 .
The experiments were part of an ongoing study to deter-.
Results

Control tissue
Fifteen control ileal loops from the eight pigs were examined from the non-Peyer's patch area; four loops at 1 hour, seven loops at 3 hours, and four loops at 18 hours ( Table 1 ). The structure of the villi examined by LM and TEM was similar to that described for the ileum of gnotobiotic pigs.'* All the loops were examined by LM. The enterocytes of the apical two thirds of the villi contained vacuoles of various sizes; cells at the tips of the villi contained vacuoles that occupied almost the entire cytoplasm. Absorptive enterocytes were interspersed with goblet cells. The lamina propria was relatively acellular, comprised mainly of the capillaries and the lacteal.
Selected loops were examined by TEM. A regular array of myofibroblasts could be identified subjacent to the basement membrane ( Fig. 1 ). The basal surfaces of the epithelial cells rested on the basement membrane, which was uniform and unbroken. Large phagosome-like vacuoles containing granular material were seen in the apical enterocytes ( Fig. 1 ). These vacuoles displaced the nucleus and cytoplasmic organelles perimetrically. In the mid-villus, the vacuoles in the enterocytes were smaller and often contained large peripheral clumps of electron-dense material. Small vacuoles were also seen in the epithelium at the base of some of the villi.
All the loops were examined by SEM. In any loop examined, the villi were of different heights. Most of the villi were tall and finger-like (Fig. 2) . The enterocytes were covered by uniformly packed microvilli, and there was minimal cell loss at the extrusion zone ( Fig. 2 ). Seven control loops from the Peyer's patch were taken from five pigs: three loops at 3 hours and four loops at 18 hours ( Table 1) .
The dome villi were easily identified by LM. The follicle-associated epithelium (FAE) was columnar but not vacuolated and appeared similar to the cells found at the base of the adjacent absorptive villi. However, there were small vacuoles in some of the cells, and these were found mainly at the tips of the domes. Goblet cells were scattered throughout the epithelium but in much lower numbers than in absorptive villi.
By SEM, the dome villi were often almost completely obscured from view by the adjacent long absorptive villi (Fig. 2) . Over the surface of the dome villi, cells with a dense brush border, indistinguishable from the enterocytes on the absorptive villi, were interspersed with cells with an irregular microvillus border. These cells were essentially similar to the specialized lymphoepithelial M cells described in newborn gnotobiotic pigs.3o Some of these cells had an exposed luminal border with sparse and thickened microvilli, giving the cells a tufted appearance ( Fig. 3) . Others were almost completely hidden in crevices between the enterocytes and could be identified by TEM as having cytoplasmic protrusions similar to those described in the discrete Peyer's patch of gnotobiotic calvesz2 (Fig. 4) . The cytoplasm of the M cells was often extremely attenuated because of the invaginating lymphoid cells in the spaces beneath the basolateral surfaces.
Cyotoxin, 1 hour
Six loops from the non-Peyer's patch of four pigs were examined 1 hour after treatment (Table 1) . By LM, villi in all six loops appeared shorter than those in the controls, and clumps of exfoliated cells were sometimes present in the lumen. The degree of damage differed between pigs. In four loops, the villi showed extensive apical exfoliation; enterocytes were swollen and rounded and appeared to be sloughing. In pig Nos. 4 and 5 , cytoplasm of the enterocytes along the length of the villi were pale staining and the luminal surface of these cells was rounded. Cells were being extruded from the tip and along the sides of the villi. The closely packed epithelial cells at the base of the villi appeared unaffected. Mucin-filled goblet cells were randomly scattered through the villus epithelium. The lamina propria appeared the same as that in the controls. Examination by TEM revealed that there was marked exfoliation from the villus tips in all six loops. Many enterocytes at the villus tips in pig Nos. 1 and 2 contained cytoplasm that was dilated by a single large vacuole, with the organelles displaced into a thin peripheral rim. There was a loss ofthe microvillus border on many of the extruding cells. In two pigs, Nos. 4 and 5 , the cellular changes extended to the enterocytes in the lower part of the villi. The affected enterocytes had a diffuse and pale-staining cytoplasm with markedly condensed mitochondria (Fig. 5) ; the endoplasmic reticulum was dilated, and the nuclei were swollen. The microvillus border was intact in cells adhering to the basement membrane. Enterocytes at the base of the villi appeared unaffected. In all loops, the basement membrane was folded at the tips of the villi and myofibroblasts with extended processes containing dense bundles of actin microfilaments were seen in the lamina propria. These processes were closely applied to and invaginating into the folds of the basement membrane ( Fig. 5) .
When examined by SEM, the villi were shorter than those in the controls. There was marked exfoliation from all the villus tips. Cells were extruded singly or in groups, and extruded cells were rounded and swollen; microvilli were usually sparse or absent ( Fig. 6 ). Many of the enterocytes adjacent to and distal to extruding cells bulged into the lumen.
Cytotoxin, 3 hours
Fourteen loops were examined from the non-Peyer's patch of seven pigs 3 hours after treatment (Table 1) . Extensive villus damage, as described previ~usly,'~ was present in 13 of the 14 loops examined by LM; loops from pig Nos. 4 and 5 were particularly affected. Villi were stunted to one third or less of the height of those of controls, and vacuolated enterocytes had been shed. A layer of flattened epithelial cells extended over the apical surface of these markedly damaged villi, which were often overlaid with sheets of exfoliated cells. Gob-let cells were numerous at the tips of the stunted villi, and their secretory granules stained deeply. The lamina propria was compacted and cellular, and marked necrosis was seen in some villi. Capillary profiles were identified occasionally among the luminal debris but only small numbers of erythrocytes were ever seen in the lumen. The lacteal and capillary spaces appeared minimal. At the base of all the villi, the epithelial cells were tightly packed and columnar and were often adjacent to cells showing marked intercellular separation. Some villi appeared to have been completely obliterated, and here goblet cells were the predominant epithelial cell. The villi appeared normal in one loop from pig No. 2.
Selected loops were examined by TEM. The basement membrane beneath the areas of epithelial damage was intensely folded (Figs. 7, 8) . In most villi, goblet cells predominated at the villus tips ( Fig. 8) , where the junctional complexes were indistinct. In the less stunted villi, lamellipodia were identified extending across the folds of the basement membrane, often displacing adjacent effete epithelial cells. Lamellipodia were seen invaginated deeply between the folded layers of basement membrane along the villus sides apparently isolating areas of necrotic villus (Fig. 7) . Where the villi appeared to have been obliterated, the basement membrane was relatively flat. Often the most stunted villi had a continuous layer of goblet cells, with extended lamellipodia closely apposed to the basement membrane. The nucleus and cytoplasm were laterally displaced. In the lamina propria, the myofibroblasts were often displaced from the usual close orientation to the basal borders of the epithelial cells. However, long processes could still be identified extending from the myofibroblasts into the folds of the basement membrane ( Fig. 8 ). In the necrotic areas, myofibroblasts lying close to the basement membrane often appeared damaged ( Fig. 7) , cell outlines were indistinct, and the cytoplasm was highly vacuolated. Tissue spaces were filled with cell debris. There was no evidence of hemorrhage in any of the loops examined.
Thirteen of the 14 loops examined by SEM showed extensive damage after exposure to 50,000 or 100,000 HU/ml. An extensive layer of cell debris covered severely stunted villi. In loops from pig Nos. 4 and 5 , the villi were completely obscured by cell debris. Sheets of detached cells surrounded the villus tips (Fig. 9 ).
The exposed tips were covered by cells: some were goblet cells, and some were cells with a featureless luminal membrane. These cells lacked the closely c membrane is extensively folded (single arrowheads); an area of villus containing a necrotic myofibroblast (My) has been isolated by invaginating lamellipodia (double arrowheads). The disrupted plasma membrane of the myofibroblast is lying close to the basement membrane (arrows). Bar = 1.5 Fm. packed microvilli of normal enterocytes. The villi appeared normal in the loop from pig No. 2 treated with 50,000 HU/ml. Six treated loops from the Peyer's patch were examined from three pigs ( Table 1) . By LM, the dome villi were unaffected when compared with the extensive damage to the surrounding absorptive villi, except in pig No. 5 , where a sheet of exfoliated cells appeared to be closely associated with the domes. By SEM, the domes were obscured by debris in pig No. 5 , but in the loops from the other two pigs, the dome villi appeared similar to those seen in the control loops ( Fig.  9 ). Here, the luminal debris did not appear associated with the dome villi, although occasionally cells were being extruded from the tips. By TEM, these cells could be identified as enterocytes.
Cytotoxin, 18 hours
Eight loops were examined from the non-Peyer's patch of pig Nos. 6-8 18 hours after treatment ( Table  1) . By LM, the villi were shortened and often pyramidal in shape, with the base wider than the apex, but the epithelium appeared mostly normal and columnar. Occasionally, a villus was seen with flattened cells at the site of the extrusion zone. In all the pigs, the cells at the tips of the villi often contained small supranuclear vacuoles. Goblet cells were dispersed throughout the epithelium and were also seen as accumulations at the villus tips. The goblet cells mostly had a basally positioned nucleus and contained densely staining mucin.
By TEM, enterocytes were columnar and generally had a regular, densely packed microvillus border. Adjacent to the groups of goblet cells at the tips, there were flattened cells with short irregular microvilli. The cytoplasm of the enterocytes often contained numerous small vacuoles with various amounts of electrondense material (Fig. 10) . These vacuoles were similar to those seen in the lower one third of the villus in the control loops and as previously described.ls The basement membrane was highly folded, and the subjacent myofibroblasts were intact.
By SEM, the villi in all the loops examined were less than one third the normal height; they were often conical in shape with marked lateral horizontal folds (Fig.  11 ). The microvilli generally appeared densely packed and uniform. Goblet cells were scattered throughout the epithelium and in groups at the apices of nearly all the villi (Fig. 12 ). Here, associated enterocytes often had a less uniform brush border. The tips of the villi were often bulbous and irregular in the area of resolution, clearly marked by the groups of goblet cells. The cell debris that had been apparent on dissection had been easily washed away during processing.
Eight treated loops from the Peyer's patch of pigs 6-8 were also examined (Table I) . By LM, the domes appeared similar to those seen in the controls, but larger numbers of cells appeared vacuolated at the tips.
When examined by SEM, the dome villi were very visible between the shortened absorptive villi. The circumference of the domes appeared greater at their apices than in the control loops ( Fig. 11 ). Large numbers of M cells covered the whole apical area of the dome. These cells formed a continuous sheet with few of the enterocyte population remaining (Fig. 13) .
By TEM, the continuous sheet of M cells at the tips of the domes had well-defined junctional complexes, and most had marked attenuated cytoplasm, as seen in control loops. Their apical membranes were exposed to the lumen (Fig. 14) . Goblet cells were scattered among the M cells.
Discussion
When the c~l o n i c ,~,~, ' or small i n t e~t i n a l~,~. '~,~~ mucosa is exposed to a variety of chemicals, severe injury is usually observed within minutes.
In contrast, the damaging effect in pigs of the Serpulina toxin developed more slowly, first evident after 1 hour,13 with severe damage occurring by 3 hours. The progressive damage up to 3 hours and beyond probably was subsequent to early and rapid binding to the cells rather than due to continuous exposure to the toxin, because the toxin is unstable and is inactivated in vitro by proteases and by a suspension of ileal or colonic ~0ntents.l~ The diet of the pigs prior to the experiment was designed to reduce the amount of intestinal contents; ileal loops were used in this study because previous experience has shown that the response to the toxin in colonic loops was much less predictable because of the irregular presence of contents. The failure to detect lesions in one loop of pig No. 2 was probably due to the effect of residual contents. Scanning electron micrograph. Ileum: pig No. 8. A higher magnification of a dome villus similar to those shown in Fig. 1 1. There is an almost homogeneous layer of M cells over the apex of the dome. Bar = 25 pm. T h e effect of the toxin is dose d e~e n d e n t . '~ and the high dose used in these studies was chosen to ensure that consistent lesions would be produced. U n d e r these conditions, a clear difference in cell susceptibility was shown. In the non-Peyer's patch, cell susceptibility was most apparent with the goblet cells, which migrated actively across the basement membrane during early restitution a n d survived as enterocytes were extruded. Of the villus enterocytes, the most severely damaged were the vacuolated cells o f t h e apical and middle thirds; the nonvacuolated basal cells were the least damaged, and crypt cells appeared not to be affected. This effect was unlikely to be due to decreasing dose, because the high concentration of toxin was infused so as to distend the loops mildly to ensure that the toxin readily reached the basal region of the villi. If the enterocytes were equally susceptible, some villi would be expected to show an irregular pattern of damage because of chance uneven diffusion of the toxin; this irregular pattern was never observed. Thus, the more mature cells were the most susceptible, and the less differentiated basal cells were the least susceptible. This conclusion is in agreement with previous findings in colonic loops infused with the toxin. 13 In another study, vacuolation of ileal enterocytes of pigs was normal during the first 2-3 weeks of life and was partly a function of cell age, and such cells were actively pinocytic. l 8 Germ-free pigs had longer villi, and the vacuolated cells persisted to at least 28 days. 19 In our pigs, the vacuolated cells were still present at 5 weeks of age. Many toxins are taken up by pinocytosis," and the pinocytic activity of these cells could therefore explain their high susceptibility.
Maturation of enterocytes is a complex process and includes a decreased ability to synthesize pr0tein.l Active pinocytosis to enhance uptake of the toxin combined with functional metabolic differences, including lysosomal activity that could influence the rate of degrading the toxin,17 may explain the susceptibility of the apical vis-A-vis the more basal enterocytes and the goblet cells.
Little is known of the response of the small intestine after exposure in vivo to a necrotizing microbial toxin. The selective survival of the goblet cells in the present study provided a marker that allowed the sequence of the progressive collapse of the villi and the tissue response to the injury to be discerned. Our results indicate that the sequence of events was as follows. As the enterocytes exfoliated, the myofibroblasts of the subjacent lamina propria contracted, pulling the basement membrane progressively into intricate folds as the cells were lost, and the villi shortened accordingly. This folding brought surviving cells into close apposition, and epithelial continuity was quickly reestablished by the migration of unaffected cells adjacent to the lesion. The larger the area of epithelial exfoliation, the greater was the degree of villus collapse and the more intense the folding of the basement membrane. In the non-Peyer's patch area, the goblet cells were the major surviving cells that migrated over a progressively folding morass of basement membrane, indicating that cell migration was subsequent to the folding of the membrane. All these features were seen in the tissues examined up to 3 hours after treatment. This contraction of the villus and folding of the basement membrane would ensure that the area to be restored was very small compared with the total area of cells lost as calculated from in vitro studies.*O This intricate and progressive collapse of the villus would be dependent on the loss of the high osmotic forces generated in the normal villus by the apical cells. 6 Many myofibroblasts immediately beneath the areas of enterocyte loss appeared damaged by 3 hours after exposure. The damage to the cells, sequential to that of the enterocytes, implied that the toxin had traversed the basement membrane after the enterocytes were lost. The folding of the basement membrane was invaginated by thin epithelial cell processes on the luminal side and contained cytoplasmic processes of myofibroblasts on the abluminal side. Inward folding of the basement membrane, such that folds from either side of the villus were in apposition, would allow the migrating surviving cells to pinch off large amounts of basement membrane enfolded around necrotic myofibroblasts. The effect would be greatest on villi where enterocyte loss was extensive. In the ablated villi, the extant membrane was relatively unfolded. This mechanism is similar to that suggested to explain repair of acid injury to the rabbit d~o d e n u m ;~ it was implied that necrotic lamina propria was lost with an associated hemorrhage, but changes to the basement membrane were not recorded.
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Morphologic changes to the tissue spaces of the lamina propria were profound but may have been due more to the disruption of normal function, including changes to the osmotic forces, than to the direct action of the toxin. Hydrostatic and osmotic forces in the normal villi are complex, and the relevance of some in vitro studies, where such forces are absent, has been questioned. 6 Resolution was only studied until 18 hours after exposure, when the villi were more normal in appearance but were still very stunted. Effete epithelial cells were all displaced, and the basement membrane remained extensively folded. The vacuoles seen in the enterocytes indicated that either the cells were extant cells that had migrated from the lower villus or that the cells were actively involved in phagocytosing debris from the lumen. In spite of the seventy of the damage, there was no evidence of any cellular inflammatory response, as would be expected as a result of such injury in conventional animals. Complete resolution of villus height and function would presumably occur as epithelial cells, together with the myofibroblasts, migrated from the crypts after an estimated 72 hours in gnotobiotic pigs.I9
The FAE was apparently less susceptible to the effects of the toxin, although there appeared to be some enterocyte loss. These enterocytes are considered to be at a stage of maturation equivalent to that of the nonvacuolated cells of the lower third of the absorptive villi,l8 which may explain their similar survival. The M cells were not susceptible to the toxin, and the most striking effect was the appearance by 18 hours of an almost continuous covering of M cells at the apices of the domed villi. It has been suggested, however, that enterocytes migrating over the dome may differentiate into M cells under the influence of antigenic stimulation.25 By using alkaline phosphatase levels as a marker for M cells, it was shown in mice that the numbers of M cells doubled at the dome periphery 12 hours after infection with an attenuated Salmonella;25 no enterocyte loss was reported. In our study, it was not possible to determine the numbers of enterocytes lost or to evaluate precise M cell numbers, but it would seem most likely that the apparent increase in M cell numbers was a result of the loss of some of the adjacent enterocytes.
At present, the instability of the toxin and the need to use a carrier molecule to improve this stability precludes studies on the nature of the toxin and the mechanism of the effect on host cells. The present studies indicate that the toxin has a differential effect on enterocytes and is capable of damaging subepithelial cells in vivo. A better understanding of the pathogenesis of the lesions of swine dysentery will require the isolation
